Exchange anisotropy for a PtMn/Ni 80 Fe 20 bilayer grown on a Mo͑001͒ step surface is studied. The PtMn/Ni 80 Fe 20 bilayers were mainly grown as a ͑110͒ quad-crystal structure mixed with a minor ͑001͒ component. The PtMn/Ni 80 Fe 20 bilayers show a unidirectional exchange anisotropy with exchange field up to about 190 Oe with easy axis parallel to the underlying Mo step-edge direction. The azimuthal distribution of the exchange field is explained by interplay of a step-induced unidirectional anisotropy and crystalline-induced anisotropy.
The exchange coupling effect across an antiferromagnetic-ferromagnetic ͑AF-F͒ interface has attracted considerable interest as it plays a key role in spin valve sensors. 1, 2 Various Mn based AF alloys, such as FeMn, NiMn, and PtMn, have been used as exchange biasing layers in spin-valve structures. [3] [4] [5] Similar to NiMn, the AF phase of PtMn is the chemically ordered 6 L1 0 type structure, and the exchange coupling of PtMn/Ni 80 Fe 20 is expected to be sensitive to the details of the crystal structure. Previously we reported 7 a biaxial exchange anisotropy phenomenon in PtMn/Ni 80 Fe 20 bilayers grown on a ͑nonstep͒ Mo͑001͒ surface on MgO͑001͒ substrate. The result is mainly attributed to the growth of the ͑110͒ bicrystal structure of the PtMn/Ni 80 Fe 20 bilayer. In a continued effort to understand the crystal structure and surface effect on the magnetic behaviors in a AF/F exchange coupled bilayer, we study here the exchange anisotropy of PtMn/Ni 80 Fe 20 grown on the Mo͑001͒ step surface.
The samples studied here were prepared by a molecular beam epitaxy system with base pressure of about 2 ϫ10 Ϫ10 Torr. High quality Mo͑001͒ films were grown on the Al 2 O 3 (1-102) substrate. The XRD showed that the Mo͑001͒ plane tilts about 3°from that of the Al 2 O 3 (1-102) plane. As a consequence, the Mo ͑001͒ step surface was formed with steps along the in-plane Mo͓110͔ direction as schematically shown in Fig. 1 . The self-assembly of the Mo͑001͒ step surface structure is due to the formation of a coherent tilt boundary which in turn results from the uniaxial strain exerted by the sapphire substrate along the step ͑Mo͓110͔͒ direction. 9 Further, the symmetric tilt of the Mo steps was broken by the miscut ͑ϳ0.5°͒ of the Al 2 O 3 (1-102) substrate. 10 On Mo͑001͒ step surface and at growth temperature of 200°C, PtMn/Ni 80 Fe 20 bilayers were mainly grown as a ͑110͒ structure mixed with a minor ͑001͒ component, as shown by XRD in Fig. 2͑a͒ . Note that, in addition to the ͑220͒ and ͑002͒ peaks, the appearance of ͑110͒ and ͑001͒ peaks ͓see Fig. 1͑a͔͒ Fig. 3 . Note that the growth of the quad-crystal is assisted by the Mo step edges due to the lattice match between the Mo step edge and Ni 80 Fe 20 , as shown in the Fig. 3 . This is in marked contrast to the growth of the PtMn/Ni 80 Fe 20 bicrystal structure on nonstep Mo͑001͒ surface on the MgO͑001͒ substrate reported earlier. 7 In addition, the Ni 80 Fe 20 layer was grown rather smoothly at relatively low temperature ͑Ͻ200°C͒, however, only island growth mode was found for PtMn layer, as indicated by RHEED studies.
The exchange anisotropy of the PtMn/Ni 80 Fe 20 ͑110͒ bilayers was measured by the angular dependent LMOKE technique ͑magnetic field fixed and sample rotated͒. The PtMn/Ni 80 Fe 20 bilayer ͑on the Mo͑001͒ step surface͒ displays a unidirectional exchange anisotropy, as shown in Fig.  4 . Along the step edge ͑along the as defined Mo͓110͔ direction͒ the hysteresis loops shift by an exchange field of Ϯ190 Oe with comparable large coercivity. Perpendicular to the step edge, i.e., along the Mo͓1-10͔ direction, a magnetic hard axis was observed. The interfacial exchange energy density of the PtMn/Ni 80 Fe 20 ͑110͒ bilayers is of about 0.1 erg/cm 2 , and the blocking temperature of about 250°C, as measured by vibration sample magnetometer.
The azimuthal distributions of the effective exchange field H e and coercivity H c of our PtMn/Ni 80 Fe 20 bilayer are plotted in Fig. 5 . In the following we discuss the angular dependence of the exchange field and coercivity by comparison to the theoretical model 11 predicted by Xi et al. Based on the Stoner-Wohlfarth model, the interfacial coupling energy of exchange coupled F and AF layers can be expressed as
The first two terms are the anisotropy energy of the F and AF layers with anisotropic constants K F and K AF , and thickness t F and t AF , respectively. The third term is the exchange energy with an assumption that the F and AF layer have the same anisotropic axes. Thus the exchange energy is proportional to the difference of their magnetization angles, F -AF . The last term is the Zeeman energy of the F layer with a saturation moment M s in an applied field H a at an angle ␣ relative to the anisotropic easy axis. Providing that K AF t AF is much larger than J E ͑which is applicable in most cases and in our case for relatively large K AF and t AF for the PtMn layer͒, AF can be assumed to be zero and the interfacial exchange energy can further be expressed as
where H c0 ϭ2K F /M s and H e0 ϭJ E /M s t F are the effective coercivity and exchange field along the easy axis, respectively. As shown in Fig. 5 , the H c distribution in our case is somewhat similar to the simulation of based on Eq. ͑2͒ ͑in between H c0 /H e0 ϭ1.0 and H c0 /H e0 ϭ2.0 in Ref. 11͒. However, the exchange field distribution of our case is quite different from this model prediction. Note that the exchange fields in our case remain at relatively high values ͑compared to that of the maximum exchange field occurred at easy axis͒ whereas for Xi's model ͓Eq. ͑2͔͒ the exchange field decays more rapidly with respect to the easy axis. Note that for Eq. ͑2͒ there is one crucial assumption that the F and AF layers have the same anisotropic axes as mentioned above. This condition usually holds for a simple uniaxial F and AF layer. In our case, however, there is a fourfold crystalline magnetic anisotropy in addition to ͑and at angles about Ϯ45°and Ϯ135°with respect to͒ the step induced uniaxial anisotropy. This is why the azimuthal distribution of H e in our case deviates much from the simple model prediction based on Eq. ͑2͒. The azimuthal distribution of the exchange field in our case could be explained by a combination of stepinduced unidirectional anisotropy and crystalline-induced fourfold anisotropy. Simulation of the H e and H c azimuthal distribution for our case is under studied 12 and will be reported elsewhere.
